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ABSTRACT 
The design of the Soil Transport Implement (STI) for SKI'ITER is the 

subject of this report. The purpose of STI is to provide a protective layer of 

lunar soil for the lunar modules. STI's objective is to cover the lunar 

module with a layer of soil approximately two meters thick within a two 

week period. The amount of soil required to cover the module is roughly 

77 dump truck loads or three million earth pounds. STI employs a spinning 

disk to accomplish its task. STI is an autonomous, teleoperated system. 

The design incorporates the latest advances in composite materials and 

high strength, light weight alloys to achieve a high strength to weight ratio. 

The preliminary design should only be used to assess the feasibility of 

employing a spinning wheel as a soil transport implement. A mathematical 

model of the spinning wheel was used to evaluate the performance of this 

design. 



c 
Modules that are landed on the surface of the moon are subjected to 

cosmic radiation and alternating extreme high and low temperatures. A 

method is, therefore, needed to cover these modules with the moon's soil to 

provide protection. The design of a soil transport implement (STI) for 

SKITTER was proposed to perform the task. The implement must include a 

spinning wheel as its main mode for moving the soil. 

STI is required to perform specific hsks as well as meet certain 

criteria. The implement must be able to move seventy-seven dump truck 

loads of soil, the amount of soil needed to cover one module. It is necessary 

for STI to complete its task within a two week period. Also, due to the 

abrasive nature of lunar soil, the spinning wheel is subjected to extreme 

wear. The design should, therefore, facilitate easy replacement of the 

wheel. The implement will be an autonomous, teleoperated machine. 

Furthermore, the implement must be able to endure long periods of disuse 

and still remain in operational condition. 

Since the moon's gravity is one-sixth that of the earth, the time 

required for dust to settle is considerably longer. Measures must be taken 

to prevent dust from contaminating mechanical and electrical components. 

Lastly, the total weight of STI cannot exceed 1,OOO earth pounds. 
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STI has a triangular base and top whose sides are 7 feet long. Its 

overall height is 9 feet including the leg and footpad. The volume of the 

frame is approximately 190 cubic feet. The total weight of STI is 954 earth 

pounds. The robotic arm can be extended 5.25 feet. Since the robotic arm 

of STI can be raised, STI will fit in a crate wth the dimensions of 8 ft. wide, 

8 ft. deep, and 9 ft. high. The wheel has a three foot diameter and four 

pitching blades on each side of the wheel. To completely cover the module 

requires the consumption of roughly 800 KW-hr of energy. STI can cover 

the module in 105 hours. The amount of fuel required is 470 pounds. 

Since weight is limited, the amount of fuel that STI can carry is 200 

pounds. To complete the task, requires two refuelings. Three legs and 

footpads are attached to the underside of the frame. The feet provide a 

stable platform for parking STI when it is not in use. STI will be controJled 

by an on board computer using teleoperation technology. The computer 

will incorporate a power management system to limit peek power 

requirements. Cameras needed to operate STI will be attached in such a 

way to provide maximum visability. 





- 
The frame is the main structural component of STI. All of the 

hardware necessary to make STI autonomous is attached to or contained 

within the frame. The frame is similar in construction to the Warren-truss 

with a triangular top and bottom. The top and bottom are equilateral 

triangles whose sides are seven feet long. The total height of the frame is 

nine feet, giving a total volume of approximately 190 ft3. The front side of 

the frame contains the sub-frame. The function of the sub-frame is to store 

and dispense the replacement soil pitching wheels. In order to attach the 

necessary hardware to the frame, a base plate is connected to the bottom 

triangle. Since weight is a critical factor, the structural two-force members 

are made of APC-2 PEEK/Carbon Fibre, a light weight, high strength 

composite material. The sleeve joints used to connect the members are 

made of magnesium die cast alloy AZ91B. The base plate is constructed of a 

half inch magnesium alloy honeycomb structure sandwiched between two 

thin sheets of magnesium alloy for added strength. 

The total load which the frame must support is loo0 earth pounds. In 

addition, it must resist a maximum moment of 1378 ft. lb. generated by 

the robotic arm and wheel assembly. Since the motor/wheel assembly 



rotates about the arm's axis, a gyroscopic torque is generated. The frame 

must be designed to withstand all of these moments. 

Structural analysis reveals that the APC-2 PEEWCarbon Fibre tubing 

which make up the two-force members require an outside diameter of 3 in. 

and an inside of 2 in. Correspondingly, the magnesium sleeve joints are 

made to accomodate the design. APC-2 PEEK/Carbon Fibre is used for the 

frame's two-force members because of its outstanding mechanical 

properties. APC-2 PEEK/Carbon Fibre is 30% lighter than aluminum; has 

high impact toughness; has good creep and fatigue resistance; is capable of 

high temperature applications up to 143 OC (290 9); has excellent hot/wet 

strength; and is easily repairable. For tension and compression, the fiber is 

arranged with a zero degree orientation. With a zero degree fiber 

orientation, APC-2 PEEWCarbon Fibre has a tensile strength at 23 OC (73 OF) 

of 392 ksi and a tensile modulus of 25.5 ksi. The compressive strength at 

the same temperature is 152 ksi. However, these values are initial test 

data; so a greater factor of safety was used in the design of the frame. 



The sub-frame is an essential component of the frame. As the soil 

pitching wheel wears, it may become necessary to replace it. The 

sub-frame is the storage compartment for replacement wheels. The wheels 

are held in place by guide rods which do not allow the wheels to rotate in 

the sub-frame. The wheels are only allowed to translate in a direction 

parallel to the guide rods. The circular front facing of the sub-frame 

contains a retention spring mechanism that holds the wheels in the 

sub-frame until dispensed for use. 

The sub-frame is constructed of two component materials: magnesium 

die cast alloy AZ91B and APC-2 PEEK/Carbon Fibre. The front and rear 

circular facing are made of the magnesium alloy. The guide rods are made 

of the Carbon Fibre with a 0/45/45/0 degree fiber orientation. With this 

orientation the rods can best withstand the bending generated by the 

replacement wheels. 

The front facing contains the retention spring mechanism (Fig. 6). The 

mechanism has a u-shaped cross section. On the inner side of the cross 

section, grooves allow a reten tion clip forced by a compression spring to 

translate radially inward and outward. In their extended position, the 

retention clips act to hoId the wheels in the sub-frame. When a force 



i 

strong enough (ie. the force of the robotic arm extracting a wheel) to 

compress the spring, the retention clips will be forced radially outward and 

a wheel will be released. Tension springs connected between the front 

facing and a forcing plate in the rear force the next wheel to advance to the 

front when a wheel is extracted. 

I 
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One of the major components of STI is the manipulating arm. The 

overall sweeping pattern of the wheel is ultimately determined by the 

kinematics of the arm. The arm was designed to provide maximum 

maneuverability of the pitching wheel with minimal overlapping of duty 

that SKITIER can perform. 

The arm allows limited three degrees of freedom movement. Since the 

lunar soil is very abrasive, the pitch direction of the wheel is restricted in 

order to prevent structural damage to SKITTER. From the frame STI , the 

arm can be extended 5.25 feet. When SKITI'ER is in the normal position, 

the tibia and femur of each leg are perpendicular. In the normal postion 

the arm will allow digging up to 3 feet deep. 

The arm consist of a hollow 6 in. magnesium tube. The tube will be 

coated with a viscoelastic material for passive damping of the arm 

vibrations. Three actuators are intrinsicly incorporated into the magnesium 

tube. Magnesium die cast alloy-AZ91B is used for structural components of 

the arm. AZ91B bas one of the best strength to weight ratios. The 

magnesium links of the arm are coated with Scotchdamp SJ2015X Type 

110. Scotchdamp is a viscoelastic material which dampens the vibrations 

caused by the wheel. The Scotchdamp is covered by a very 
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thin constraining layer of magnesium. 

Next to the wheel, the arm is the most dynamic component of STI. 

Major design considerations include: static and dynamic loading, kinematic 

analysis, and vibration damping. The components of the arm include two 

links, three actuators, and mounting assembly for the frame and motor 

connection. 

The links have lengths of 3.25 ft. and 1.5 ft. The links are hollow 

tubular structures capable of withstanding forces imposed by the soil 

pitching wheel. The inner and outer diameters of the links are 5.5 in. and 

6.0 in. respectively. 

The three actuators of the arm provide great flexibility for 

maneuvering around objects and facilitate the changing of replacement 

wheels. The actuator at the base of the frame (shoulder pivot) allows 

rotation around the z-axis of 18 degrees on either side of the center 

position (Fig. 7). The 36 degrees sweep angle enables STI to cover a wide 

angle without subjecting SKITTERS legs to the abrasive spray from the 

wheel of lunar soil. 

The second actuator is located directly in front of the base actuator 

which provides rotation about the x-axis. This actuator raises and lowers 

the arm. The range of motion of the actuator is 180 degrees from the 



downward normal position to the vertical wheel exchange position. 

The third actuator, located near the motor assembly, allows 135 

degrees rotation about the y-axis. This enables the soil pitching wheel to 

rotate 90 degrees clockwise and 45 degrees counterclockwise from its 

vertical position. The 90 degrees rotation is necessary for maneuvering 

into a position which allows for the extraction of a replacement wheel. The 

plus or minus 45 degrees rotation provides aiming flexibility for STI. 



The wheel is the tool used to move the lunar soil. When driven by a 3 

hp motor, the wheel can move 5,590 ft3 of soil a distance of 102 ft in one 

hour. The rim of the wheel is made of titanium for abrasion resistance, 

thermal stability, and impact toughness. Each wheel assembly consists of a 

wheel with blades and a dust shield. The incorporation of the wheel and 

hood makes for easy wheel replacement. The total weight of the wheel 

assembly is approximately 90 lbs. 

The wheel assembly (Fig. 4) is constructed of four major parts: the rim, 

the hub, the midsection, and the shield. The titanium rim has four blades 

on each side for pitching soil. The rim's outside and inside diameters are 

36 in. and 28 in. respectively. The hub and the midsection are made of 

magnesium die cast alloy AZ91B. The midsection is constructed of 

a honeycomb center sandwiched between two thin plates. Both the 

midsection and the hub are insulated from each other by a ceramic coating 

to prevent heat conduction from the wheel to the motor. The dust shield is 

made of magnesium alloy and should be designed with the same effective 

life as that of the wheel. The blades on each wheel extend 1.5 in. outward 

from the plane of the wheel and are 4 in. long. The blades are oriented 30 

degrees from the normal to the curve at that point (Fig. 4). The blade is 
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angled in order to more easily cut through the soil. The angle of the blade’s 

leading edge should be equal to the internal angle of friction of the lunar 

soil. The full scoop volume is 0.313 ft3, but the effective volume is about 

half of that. The effective volume is the actual volume that reaches the 

target. 

In order to estimate the soil distribution delivered by the wheel, a 

mathematical model was developed. The first assumption is that the soil 

particles do not interact with each other. The soil was divided into discrete 

particles for the purpose of calculating their trajectories. The initial 

velocity and angle of each particle are calculated according to the position 

of each particle relative to the blade. The distance each particle travels is 

then calculated and added to the distribution (see Appendix). 

Friction between the soil and spinning wheel is calculated in the 

Appendix. A coefficient of friction of 0.8 was assumed. The power 

dissipated due to friction was estimated. The power necessary to accelerate 

to soil was also calculated. It was determined the power due to friction was 

much smaller than that for acceleration. Therefore, in subsequent 

calculations, the power loss due to friction was neglected (see Appendix). 

Also, a calculation was performed to determine if moving the soil in 

multiple smaller steps was more efficient than one big step. The 



calculations show that the same total energy is required for both multiple 

and single steps (see Appendix). Therefore, a plan for covering the module 

would be to start from STI's outer range and work inward in a sweeping 

fashion to cover the module. The total energy required to cover the module 

was calculated using a sweeping area with a 4 in. depth. The total energy 

required is approximately 800 kw-hrs and would require 105 hrs. or 8 

days working 50% of the time (see Appendix). Because STI can only cany 

200 lbs. of fuel, it requires two refuelings to cover a module. 

As the wheel moves the soil, frictionheat will be generated. Since the 

moon lacks atmosphere, convection is impossible. The heat, therefore, must 

be transferred away by radiation or conduction. Conducting the heat would 

be detrimental to the motor; so radiation is the only alternative. A heating 

analysis was performed on the wheel assuming the worst case (see 

Appendix). The analysis assumes that the entire 3 hp from the motor is 

converted to heat and absorbed by the wheel. Also, the background 

temperature is set at 200 OC (392 9 and the wheel radiates with a low 

emissivity from only one side. Under these conditions, the temperature of 

the wheel never exceeded 680 OC (1250 OF), which is well below titanium's 

melting point of 1500 OC. Therefore, heating is not a problem the spinning? 
A69 
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Power will be supplied from oxygen-hydrogen fuel cells. These fuel 

cells were chosen because of their favorable energy density and proven 

reliability as power sources for space applications. Also, the fuel cells 

provide dc current which is needed to power the brushless dc motors used 

to drive the wheel and actuators. The oxygen-hydrogen fuel cell provides 

1660 w-hrs per pound of reactant. 

A fuel consumption analysis was performed for STI and it was 

determined that to complete the task would require 470 lbs. of fuel. The 

analysis was based on the assumption that STI would be limited to a peak 

horsepower of 15 hp at any time. Because this is a large amount of fuel for 

STI to cany, it was decided that STI will have fuel storage capacity of 200 

lbs. This will require STI to refuel twice. The 200 lb. value was chosen 

because it is the maximum amount of fuel STI can cany while not 

exceeding the imposed lo00 lb. limit. 

The fuel cell is 14 in. high x 15 in. wide x 40 in. long. and weighs 250 

lbs. The fuel cell will be attached to the base plate at the rear of the frame 

to help counterbalance the moment generated by the robotic arm and 

wheel assembly. Since the oxygen-hydrogen fuel is cryogenically stored, it 

may be used as a refrigerant to cool the motors. Refrigerant lines canying 



the fuel will be routed through the motors' casings to conduct the heat 

away. 



Brushless dc motors will be used to drive the wheel and actuators, 

Brushless dc motors can provide high torque at low rpm. The speed of 

these motors may be accurately controlled electronically. Brushless dc 

motors are not subjected to the same kind of wear as brush motors which 

makes them ideal for use in areas where maintenance is almost impossible, 

such as the moon. In addition, brushless dc motors have no commutator 

bars to become oxidized and can, therefore, sit idle for years with no loss of 

performance. This is of important concern because STI will have long 

periods disuse. Brushless dc motors generate less radio frequency 

interference than other types of motors which is advantageous in situations 

where machines are teleoperated. There is no brush friction in brushless 

dc motors which reduces the amount of heat generated. Lastly, because of 

its design, a h s h l e s s  dc motor can be made smaller than a conventional 

brush motor and still improve control. 

A 3 hp motor with a speed range of 60 - 350 rpm will be used to turn 

the wheel. Three fractional horsepower motors will be used to drive the 

actuators of the robotic arm. The housing of all  the motors will be made of 

magnesium die cast alloy AZ91B to help reduce the weight. The housings 

will incorporate refrigerant lines from the fuel cell to provide cooling. 



CONTROLS 
STI will be controlled by teleoperation. Signals will be sent and 

received by a trasmitter/receiver device which relays the signal to STI's on 

board computer. The computer will regulate all of STI's functions. Visual 

feedback will be provided by cameras mounted on STI. At the present, the 

design assumes that all operations will be performed in daylight. 

Therefore, no provisions are made for lighting. 

The on board computer will keep the peak power consumption to a 

minimum. Actuators will then only be allowed to operate one at a time. 
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SKITIER provides for three ball socket attaching points. The frame of 

STI will be attached rigidly to SKIlTER at these points. This will be the 

only connection between SKITTER and STI. 

- 
Wear of the soil pitching wheel is to be expected because of the 

abrasive nature of the lunar soil. In order to facilitate changing the wheel 

and reduce downtime of STI, a dispenser for the replacement wheel was 

incorporated into the design of the frame. 

The drive shaft of the motor for the pitching wheel will incorporate a 

quick connect mechanism actuated by a small servo. The quick connect 

mechanism is similar to the quick connector used for compressed air hoses. 

The female portion of the connection is attached to the motor shaft and the 

male portion is integrated into the design of the wheel's shaft. The removal 

of the worn wheel is achieved by simply disengaging the quick connector, 

rotating the wrist of STI's arm, and discarding the wheel. To engage a new 

wheel, the motor is rotated so that the shaft is directed vertically upward. 

The arm is then raised to mate male and female 
- 



connections. The servo locks the connection together, and the arm pulls the 

new wheel from the dispenser. 

PARKINC 
Attached to the base of STI's frame are three legs, one at each apex of 

the triangular base. The legs are one foot high with a circular magnesium 

footpad. The footpads have a surface area of 1 ft2. The legs are made of a 

3 in. outer dia./2 in. inner dia. tube of APC-2 PEEK/Carbon Fibre. 

During periods of disuse, it will be necessary to park STI. The legs and 

footpads provide the support platform that STI will rest on. When parked, 

the robotic arm will be resting on the ground. 
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FAILURE - 
There are two possible ways in which the wheel may fail. First, the 

wheel may fracture upon striking a large rock. This problem has been 

reduced by the use of a titanium alloy for the outer rim of the wheel. The 

blades for pitching the soil are also made of titanium. The titanium alloy is 

a high strength, high impact toughness metal. The honeycomb structure of 

the midsection ofthe wheel has also increased the wheel's strength in 

bending and torsion. 

Overheating beyond the melting temperature is the second way that 

the wheel may fail. However, as analysis shows (with the worst possible 

case assumed), the melting temperature of titanium will never be reached. 

Furthermore, the titanium outer rim is insulated from the midsection and 

hub of the wheel by a ceramic coating, thereby, preventing overheating of 

the midsection. By choosing the proper materials, the possibility of failure 

due to overheating has been pratically eliminated. 

To icsure that the motor does not fail due to overheating, refrigerant 

lines have been integrated in the motor housing to cool the motor. The 

motors are, thus, cooled by conduction and radiation. 
- 



HAZARDS 

In the design of STI, two major hazardous areas that were considered 

were damage to SKITTER and damage to the module. Damage to SKITTER 

has been eliminated by placing a protective shield over the spinning wheel. 

This prevents stray rocks or particles from being thrown upward into the 

underside of SKI'ITER and STI's frame. The motion of the arm (Fig. 7) is 

restricted so that the trajectory of the thrown soil does not come near 

SKITTER'S legs. 

The problem of damage to the module was solved in the design of the 

blades of the wheel. It was given that the largest rock that can be thrown 

at the module is about the size of a baseball (dia. = 3 in.). With this in 

mind, the blades were designed with a width of 1.5 in. The largest rock 

that can be thrown with this design would be a 3 in. diameter rock, and the 

module is safe. 

I 
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CONCLUSlONS 

According to the analyses, STI was able to complete its task consuming 

less power than the maximum allowed amount of 15 hp. Initially, the goal 

was for STI to accomplish the job in fourteen days working twenty-four 

hours a day. However, analysis of the design showed that the job could be 

done in 105 hrs. (4.375 days). It was then decided that STI would take 

eight days to perform its task working 50% of the time. The extra time will 

allow for downtime due to blade changing, repositioning by SKITTER, and 

any necessary resting for heat radiation. 

The use of the titanium alloy eliminated the possibility of failure 

caused by overheating. The high strength titanium with good impact 

toughness reduced the concern of lunar rocks damaging the wheel easily. 

Including in the design the automation of wheel replacement eliminates the 

need for other implements to change the wheel. The honeycomb 

midsection provided extra structural strength while keeping the weight 

down to a minimum. Positioning the blades on the wheel at a 30 degree 

angle from the radius proved to provide the optimum soil distribution at a l l  

speeds and distances. All of these factors were advantageous to the design 

of STI. 

With the present design, in order to meet the 1OOO Ib. weight limit, STI 



can only carry one extra replacement wheel. Also, accomplishing the task 

requires STI to consume more fuel than it can carry. This requires STI to 

refuel, thereby, making it not a completely autonomous system. With the 

present brushless dc motor technology, the range at which the soil can be 

thrown is limited by the maximum horsepower output of the motor. 

I 
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The present design of STI meets the imposed limit of loo0 Ibs. 

However, only one extra wheel can be carried by STI, and STI must refuel 

twice to complete its task. It may be possible to reduce the weight of the 

wheels by using a thinner wheel or by designing a smaller diameter wheel. 

Also, the frame size may be decreased to decrease the weight even further. 

If the weight of STI can be reduced, it will, then, be able to carry more fuel 

and possibly perform its task without the need to refuel. This will make 

STI a truely autonomous system. 

Wear of the wheel will be critical in determining the feasibility of this 

design. An evaluation of wear should conducted to determine the life of 

the wheel and dust sheild. Designing the dust sheild so that both the shield 

and wheel wear out simultaneously can further reduce the weight of STI. 

Measures should be taken to protect all of the components of STI that 

are sensitive to dust contamination. Motors, actuators, and electrical 

devices are the components most susceptible to dust contamination. 

Stratigically placed brushes may be incorporated into the design to remove 

excess dust from critical areas using the flexibility and movement of the 

robotic arm. 

More detailed analysis is required to determine the exact size and 
- 



weight of the actuators and motors required for the robotic arm. Further 

structural analysis is needed to insure the frame integrity. 

I 



REFERENCES 

i 

I 

i 

Lienhard, John M., m a t  T r u e r  Tern, Prentice-Hall, Inc., Englewood 
Cliffs, New Jersey, 1987. 

Shigley, Joseph E., Larry D. Mitchell, J'vlechanical EnOjneeriu Dem, 
McGraw-Hill Book Company, New York, 1983. 

Shigley, Joseph E., John Joseph Uicker, Jr., J'heorv of Mach ines and 
echanism, McGraw-Hill Book Company, New York, 1980. 

Leeser, Dan, interview, Fiberite Corporation, Orange, California 92666. 

Austin, L. G., fael Cells, National Aeronautics and Space Administration, 
Washington D. C., 1977. 

Mitchell, William Jr., Fuel Cells, Academic Press, New York, 1973. 

McCormick, Malcolm, "A Primer On: Brushless DC Motors", m h a n  ical 
Eneineering, February, 1988. 

Joscelin, Edward, interview, Aeroflex Labs Inc., Plainview, NY 11803. 

Hebb, Lisa, inbcrview, Pacific Scientific, Rockford, IL. 

Stauffer, R. N, Pobotics Today , Volume 7, No. 2, pp. 65-6, April 1985. 

Robots 8 Co nference Proceed i n s ,  Volume 2, pp. 63-71, 1984. 

Stefanides, E. J., "Dual Drive Power Spacecraft Systems", psis News, 
Volume 39, pp. 73, January 10,1983. 



APPENDIX 

I 



d 

, 

I 

-_ - \- 4: : y!:. . . .  . . .y' . .,. 
. . . . . .  - . .  . . . . . . .  

ORIGINAL PAGE IS 
OF POOR QUALITY 



' I  



, 



I 
I 
I 
1 

I 

t 

I 

I 
I 
I 
I 
i 

I 

i 

I 
I 

I 

I 

i 

1 

a 
-4 



c 
0 

3 
_a 

* -  
4-J 

* -  
L 
4-J 
v, 

1- 

n 



I 
i 

! 

I 

I 

! 
I 

I 
I 
I 

I 

I 

~ 

i 

1 

i ~ 

i ' 
i 

I 
I 

I 

I 

d 
- 1  

- t  

Power Due 



\ 

p o v v  p, F r p s  

ORfGINAL PAGE IS 
OF POOR QUALITY 



= 5 . w  rpf 

34f.s 5 

ORIGINAL PAGE OS 
OF POOR QUALITY 











# 

c- 

I 

In 0 n 0 
c- 

n .- 0 
cy 

v) 
cy 

0 
M n M * s  

n 

a 

M 

+ 

cy 



x 

M 

+ 

0 







. .- 

i 

I 



. . . . -.. 

. ._ -. 

.. 

. .  

.. . . 

-- c. 

-. 1 .. 



t. 

. . . . .  - .  . 

.... -_ ~ .......... 

..... .. - 

.. . . . . . . . . .  

. . . . . . .  

.. .- ............. - 

s o c  

Cbr 

. - 

1 

I . . . . . . . .  __-.. ... 4 

.... -. . . . . . . .  .- .. 

. . . .  . ._ . 

. . . . . . . . . . . . .  . . .  * !  - 





ORlGlNAL PAGE IS 
OF POOR QUALITY 



mc-2 AROMATIC POLYMER COMPOSITES 
PEEWCARBON FIBRE 

APC-2 PEEWcarbon fibre, aromatic polymer composites, have 

The benefits of engineering with composites utilishg high 
opened up new horizons for lightweight structural materials. 

performahce fibres of carbon, boron, and SO on have been known for some 
y-0 

APC-2, a thermophstic system, benefits from an engineering approach 
to fabrication processes and the economics of rapid, automated and 
controlled part production that th is  brings. 

APC-2 is based on carbon fibre and Victrexo PEEK aromatic polymcr 
from ICI. Compared with other types of thermoplastic matrix PEEK has a 
higher operating temperature and is unaected by solvents. 

But the real secret of APC-2 is the specially developed interface 
science which, together with a process designed to ensure thorough 
impregnation of the carbon fibres, results in negligible void content and 
maximises the matrix dominated properties. By providing effective stress 
msfer, the PEEK matrix allows the full properties of carbon fibre to be 
obtained. 

APC-2 PEEWCARBON FIBRE 

* 30% lighter in weight than aluminium. 
* uses rapid, automated, economic fabrication processes. 
t high impact toughness and excellent damage tolerance. * good creep and fatigue resistance. 
* high temperature PerfOrmaance-Tg 143OC (290OF). 
* excellent hodwet strength. * low water absorption and excellent solvent resistance. 
c outstanding fire resistance, negligible smoke generation. * easily repairable. 

APC-2-the most cost-effective route to second generation 
advanced composites. 
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PHYSICAL PROPERTIES 
Carbon fibre volume fraction 61% 
Carbon fibre weight.fraction 68% 

I 

Carbon fibre areal weight 150 g/m* .:. .... 

I 

APC-2 
PEEK/CARBON FIBRE 
COM POSlTE 

DATA SHEET 3b: 

Provisional Property data of aromatic 
polymer composite, APC-2/Hercules 
Magnamites IM-6 carbon fibre 

MfXHANICAL PROPERTIES 
Property 
0" 
Tensile strength 
Tensile modulus 
Tensile strain to failure 
Compressive strength / 

Flexural strength 

Flexural modulus 
~~~~ ~ 

90" 
Tensile strength 
Tensile modulus 
Tensile strain to failure 

Flcxunl strength 

Flexural modulus 

Short beam shear strength 
O Specimens do not fail in shear. 

Test Method 
ASTM D-3039 

IITRI Test 

Span-todepth 
ratio 60: 1 

ASTM D-790 

ASTM D-3039 

ASTM D-790 
Span-to-depth 
ratio 25:I 

ASTM D-2344 

Temperature 
23°C (73OF) 

23°C (73°F) 
23°C (73°F) 

I 

23°C (73'F) 

23°C (73°F) 

23°C (73°F) 

Values 

2700 MPa 
176 GPa 
1.48 % 
I050 MPa 
2170 MPa 

151 GPa 

- - 

I 6 0  MPa 

9.3 GPa 

I16 MPa" 

, 
.-. 392 ksi 
$5 ksi 

152 ksi I 

315 ksi 

21.9 msi 

- - 
- 
232 ksi 

1.35 msi 

16.8 ksi 
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MODE I INTERLAMINAR 
FHACTURE TOUGI-INESS (G ,(.) 
Test method Tcmperat u re Cleavage Ductile 

Mode Mode 
kJ/m2 kJ/m' 

Straight-sided 
double cantilever beam test. 23OC(73"F) 
Data reduction by Area Method 

2.5 3.3 

Clca vage Ductile 
Mode Mode 

in Ib/in' in Ib/in' 

14.3 18.8 

DAMAGE TOLERANCE 
Impact Energy 

in lb/in J/mm 
4.45 lo00 
6.68 1500 

2000 8.90 

I I 

Residual strain to failure 
% 

0.7 1 
0.54 
0.60 

All values quoted for propenies of f iberite's Aromatic 
Polymer Composites are results of tests on representative 

@PEEK is an IC1 product sold under the trade mark 
Victrexa 

samples and do not constitute a specification. 
Information contained in this publication (and otherwise 0 Fiberite Corporation, 1986 

supplied to usen) is based on our general experience and 
is given in good faith, but we are unable to accept 
responsibility in respect of factors which are outside our 
knowledge or control. Freedom under patents, copyright 
and registered designs cannot be assumed. 

Data Sheet 3b 

For further information, please contad: 

USA 

Fiberite Corporation 
645 North Cypress 
P 0 Box 787 
Orange 
California 92666 

Tek(714- , 

Fax: (7 I 
Telex: 0230-757-103 

Fiberite Corporation 
IC1 Ameriu, Inc 
Advanced Materials Business Group 
Wilmington 
Delaware 19897 

Fax: (302) 656-8779 
Telex: 835309 

Tcl: (302) 575-8173 

EUROPE 

Fiberite Europe GmbH 
Erkelenzer Strassc, 20 
D-4050 M6nchengladbach 
West Germany 

TeL. (02161) 58929 
Fax: (02161) 570657 
Telex 8529202 TRIB 

Fiberite Europe 
Imperial Chemical Industfie PLC 
Advanced Materials Businest Group 
PO Box6 
Welwyn Garden City 
Henfordshire 
AL7 IHD 
Great Britain 

Tel: (0707) 3376691331922 
Fax: (0707) 335556 
Telex: 264251 

.5*. i: 

i 
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Materials 
Phillips Petroleum has developed proprietary 

technology to combine long fiber reinforcement with a 
thermoplastic matrix. The current product line features two 
basic types of products, both utilizing polyphenylene sulfide 
as the matrix resin. One contains reinforcement in the form 
of a fiber mat specially designed for processing by a rapid 
compression molding process, often referred to as 
thermoplastic stampmg. The other contains reinforcement 
in fabric form specifically designed for laminating and 
thermoforming. Unidirectional carbon fiberlPPS prepreg 
tape is also available and is the subject of a companion 
brochure. 



I. 

0: Plain weave carbon fabric/PPS Prepreg. 
io: Satin weave carbon fabric/PPS Prepreg. 

or Bar Stock 
!molded stampable sheet is available for 
ling prototype or production parts. Bar stock is 

Table I 
Properties of Random Mat and Fabric 

Reinforced Polyphenylene Sulfide Composites 

~020-u) ~ ~ 1 0 2 0  ~ 6 ~ 0 . 4 0  AC lodo 

Carbon C.mOn 
F ib r  Type GIJSS MJI Mal GIJM F J ~ I ~ C  Fabric 
~ n r i ~ e ~ t n n g t h . ( l o j  psi) 23 20 26 75 
flerurai Strength. (103 pait 34.5 31 21 93 

Elongatton, K 1.9 - - 0.04 
Comprosdve Slfonglh. (lo3 PSI) 38 

F l e ~ u f ~ l  Moclulua.(106 psi) 1 .I t .7 2.16 6.8 

- - - 
llod Impacl. fl-lbUln 

Notched 14 1.3 8 12.5 
Unnotched ' 2s 6.0 17 21.5 

Spd f i c  G f ~ ~ l t y ,  Vcc 1 .w 1.38 1.66 1.6 
HOJ~ D.11.cllon kmp.. *F JI 284 psi 623 527 623 SJd 

Elect. anductlvity. ohm1 cm-1 - 0.501 - - 

h a t e s  

~ 

Molded Parts 

Table II  
laminates of the plain woven fabric 

thicknesses are available upon 
osites are available in standard 8-ply thicknesses 

I""'. 

tronerties 
hani&l Properties 

Typical mechanical properties for mat and fabric 
forced materials are shown in Table I and compared 
other competitive materials in Table tl. Retention of 
e properties at elevated temperatures is very good. In 
era/, 5O-6O0h of the properties listed are retained at 

Material Property Comparison 

G l w  - 
23 8.28 
l a  10 
1 .Q 54 
1 .8 10 

38 9 

14 
2s a . .F 523 J 
400 b 

1.66 u7.2.w 

B.5 aa 

J 

- 
7.20 
2s 
13 
03  

10 
25 

J 
a 
a 

- 

b 

Polytstor 
SWC 

0I.U 
2 1  
m 
2.0 
1.5 
2.0 
30 
30 

22 
b 

Kx) 
400 
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W L A R  CELLS 

I tzov- I5 30 

I 25 Y / / / / A  35 

5 

IC. ENGINES 6 GENERATORS 

2 0  25 
I v/4 

DIESEL ENGINES A GENERATORS 

pTA PRESENT RANGE 

PROJECTED RAN= 

CM TURBINES A GENERATORS 

I Y///////j 25 

1 30 Y//////A 42 

I5 

STEAM WRBINES L GENERATORS 

S 

1HERMOELECTRlCS 

Y/- 
20 6 IO I 

FIG. 1. Eficicncicss of exicrgy converting dcvicce. 

WATT - WURS/FT.' 

I O 0 0  

800 

700 

i I 
ENG. - GEN. SET 

a 

I so0 

300 

I-KW. UNIT AT FULL w, LIQ. HZ a02 

.- GEN. SET 
I-KW.UNlTAT Nu. 
LOAD. GASOLINE A 
LIQ. '9 

BATTERIES 
SILVER- ZINC 

1IME -HOURS 

FIG. 2. Power w. weight ratiaa for fuel cella, batteries, and engine generator sets. 
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January 14,1988 

t 

MEMORANDUM 

TO: Mr. James W. Braze11 

FM: ME 4182 Design Gmup D 

RE: Design Group's Progress for the Week of January 11 - 15 

w: William Dixon, William Fan, Joey Lloyd, Nam-Anh pham, Mike 
Stevens. 

-: The Design of a Soil Transport Implement for Skitter. . .  

(1) A weekly time for group meetings was established. 

(2) The p u p  discussed preliminary design considerations concerning the 
development of machinery for lunar uses. These considerations included 
the moon's lack of atmosphere, surface, and gravity. 

(3) Several references have been located which provide information about the 
lunar evironment. 



January 21,1988 

I 

- 
TO: Mr. James W. Braze11 

FM: ME 4182 Design Group D 

RE: Design Group's Progress for the Week of January 18 - 22 

William Dixon, William Fan, Joey Lloyd, Nam-Anh Pham, Mike Stevens. 

-: The Design of a Soil Transpon Implement for Skitter. . .  

(1) Preliminary designs for the implement were discussed. 

(2) We decided on the main areas that must be taken into consideration for our 
design. They include the following: fuel cells, motors, heat sinks, bearings & 
lubricants, abrasive resistant materials, temperature, pressun, gravity, and 
dust. 

(3) A rough draft of the problem statement was sketched out. 

(4) The p u p  planned to meet with civil engineering professors next wetk to talk 
about soil mechanics. 
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January 28,1988 

TO Mr. James W. Braze11 

FM: ME 4182 Design Group D 

RE: Design Group’s Progress for !he Week of January 25 - 29 

w: William Dixon, William Fan, Joey Lloyd, Nam-Anh pham, Mike Stevens. 

-: The Design of a Soil Transport Implement for Skitter. . .  

(1) The problem statement was finalized. 

(2) Each member got his computer account and we started leaming how to use the 
Apollo system. 

(3) The group is still in the brainstorming stage of the design. We want to come up 
with as many diffemt ideas as possible before we start narrowing down our 
design. 

(4) Bill Dixon went to talk to Dr. Myers about ,abrasive resistant materials. 

(5) The different desigu considerations were divided among the members to be 
rcstarched on further. 



t 

February 4,1988 

lYmmumm 
TO: Mr. James W. Brazell 

FM: ME 4182 Design Group D 

RE: Design Group's Progress for the February 1 - 5 

I 

1 
1 

I I 

I William Dixon, William Fan, Jocy Lloyd, Nam-Anh pham, Mike Stevens. 

-: The Design of a Soil Transport Implement for Skitter. . .  

A magnesium alloy is being looked into as a possibility for the abrasive 
rcsistant material to be used in our design. The alloy was suggested by Dr. 
Myers. 

The mechanical properties of the moon's soil is being looked into. Then an 
analysis will be done to determine the soil's trajectory when it is thrown by 
the spinning blade. 

Bill Dixon has been learning Auto-CAD and has been able to do some 
preliminary drawings on the system. 

Tk problem statement was revised. 

, 

I 



February 11,1988 
I 

I 
MEMORANDUM 
TO: Mr. James W. Braze11 

FM: ME 4182 Design Group D 

RE: Design Group's Progress for the Week of February 8 - 12 

w: William Dixon, William Fan, Joey Lloyd, Nam-Anh Pham, Mike Stevens. I 
-: The Design of a Soil Transport Implement for Skitter. . .  

I 

I 
I 

(1) A simple mathematical model of a rotating disc was made to analyze the 
! trajectory and distribution of thrown soil. From this analysis, the proper speed 

and blade angle can be determined to achieve the desired height and distance 
of the thrown soil. 

(2) Further research is being made on abrasive resistant materials for the I 
I spinning 

disc. A silicon compound is presently being considered. 

(3) Preparation was made for the midterm oral presentation. 

I 



I February 18,1988 

I 
I MElmumm 

TO: Mr. James W. Braze11 

FM: ME 4182 Design Group D 

RE: Design Group's Progress for the Week of February 15 - 19 

William Dixon, William Fan, Joey Lloyd, Nam-Anh Pham, Mike Stevens. 

-: The Design of a Soil Transport Implement for Skitter. . .  

(1) A preliminary power consumption analysis was done on the spinning disc. 

(2) Bill and William worked on the IBM CAD system. 

(3) An attempt was made to finalize the design of the implement. 

(4) A report outline was drafted and various deadlines were set for the different 
parts of the project. 



I February 25,1988 

MEMORANDUM 

TO: Mr. James W. Braze11 

FM: ME 4182 Design Group D 

RE: Design Group's Progress for the Week of February 22 - 26 

w: William Dixon, William Fan, Joey Lloyd, Nam-Anh Pham, Mike Stevens. 

-: The Design of a Soil Transport Implement for Skitter. . .  

(1) Mike and Bill contacted Fuel Cells Div. of United Technologies and Gates Energy 
to ask about fuel cells. 

(2) A commercial search was done on composite and ceramic materials. 

(3) Research was done on the types of motors and actuators needed for our design. 

(4) With the design approaching its final stage, some definite design parameters 
werc set. 

i 

i 



March 3,1988 I 

MEMORANDUM I 
TO: Mr. James W. Braze11 

I 
I FM: ME 4182 Dcsign Group D 

RE: Design Group's Prognss for the Week of February 29 - March 4 

-. William Dixon, William Fan, Joey Lloyd, Nam-Anh Pham, Mike Stevens. 

-: The Design of a Soil Transport Implement for Skitter. . .  

(1) We started construction an a scale model of the implement. The model is 
presently 90% complete. 

(2) Several companies were contacted regarding brushless dc motors. All of the 
companies contacted only manufactured motors with fractional horsepower 
output. Further research will be done to find out mote about motors with more 
than 1 hp output. 

(3) Several members of the group worked on the rough draft of the final report. 

i 
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